Measurement of chitinase activity in crude homogenates of Candida albicans with the artificial substrates 4-methylumbelliferyl /3-D-N,N',N"-triacetylchitotrioside and 4-methylumbelliferyl/3-D-N,N'-diacetylchitobioside (MU-[G1cNAc]3,2) showed that both chitobiase and chitinase were involved in the liberation of the fluorophore methylumbelliferone (MU). The substrate MU-[G1cNAc]3 appeared to be digested by means of two separate mechanisms, resulting in a lag-phase in the time curve of the MU-release, and thus making this release non-linear with time. The first mechanism is the action of an endochitinase that released MU in one step; this reaction could be inhibited by allosamidin. The second probable mechanism involves the digestion of the substrate by the stepwise release of the outer two G1cNAc residues by a chitobiase, followed either by a third chitobiase-catalyzed release of the final G1cNAc or by the action of a,(3-N-acetylhexosaminidase, that is also present in C. albicans. Hydrolysis of the substrate MU-[ G1cNAc ] 2 was not inhibited by allosamidin, suggesting that the two G1cNAc residues in this substrate are probably released in two steps, either by the action of chitobiase alone, or by the successive action of chitobiase (step 1) and /3-N-acetylhexosaminidase (step 2). Our results show that the activities of the individual enzymes involved in chitin degradation cannot be determined on the basis of MU release in unfractionated homogenates of C. albicans.
definition of which enzymic activity belongs to these classes. Robbins et al., who cloned and expressed Streptomyces plicatus chitinase in Escherichia coli, used the /3-linked methylumbelliferyl derivatives of the N-acetylglucosamine dimers and trimers (MU-[ G1cNAc ] 2; MU-[ G1cNAc ] 3) as substrates for the characterization of the enzyme (19) . These authors proposed that the name `exochitinase' should be reserved for enzymes that cleave [G1cNAc]2 units from the non-reducing end of chitin chains. Enzymes that randomly cleave within chitin chains were named endochitinases. Finally, enzymes that hydrolyze single G1cNAc residues from the non-reducing end of oligosaccharides of any sort should be named ,3-Nacetylglucosaminidases, rather than exochitinases (19) . Bade et al. (3) used a different nomenclature. The latter authors prepared mechanically collapsed chitins. Endochitinases were classified on the basis of their ability to reduce the size of both fibrous and collapsed chitins. Exochitinases from various origins were unable to degrade the chitins with the collapsed internal structures. However, stabilized fibrous chitins were readily digested by the exo-enzymes.
For the enzymes that hydrolyze G1cNAc monomers from whatever oligosaccharide, nomenclature also offers problems. In the latest edition of Enzyme Nomenclature (23) the entries EC 3.2.1.29 for chitobiase and EC 3.2.1.30 for j3-N-acetylglucosaminidase have been deleted. These enzymes are now classified as EC 3.2. 1.52, and have thus been taken together with /3-N-acetylhexosaminidase. The latter enzyme acts on the glycosidic linkage of N-acetylglucosaminides and N-acetylgalactosaminides when present at the non-reducing end of a saccharide. If deficient in (human) tissues, glycoconjugates with either of these N-acetylhexosamines in a terminal non-reducing position cannot be degraded further within the lysosomes and thus accumulate there, leading to the well-known Tay-Sachs and Sandhoff s diseases (15) .
By contrast with the above enzyme, the lysosomal enzyme chitobiase that cleaves the chitobiosyl linkage in N-linked glycoproteins appears to be a reducingend exo-hexosaminidase (1, 2) . Stirling was the first to discover the presence of such an enzyme in the human liver (20) . Chitobiase is active only after the prior action of aspartylglucosaminidase (EC 3.5.1.26) that removes the asparagine residue to which the N-linked glycan was attached (13) . In situations where the latter enzyme is deficient, chitobiase finds the reducing end blocked and is thus unable to cleave the chitobiosyl moiety. However, the storage product in aspartylglucosaminuria is G1cNAc-Asn and not [G1cNAc]2-Asn (10). Therefore, in the above case and in cases where chitobiase is deficient (e.g. bovine, sheep and dog), the `normal' 3-N-acetylhexosaminidase will hydrolyze the chitobiosyl linkage from the non-reducing end. Due to the latter action of a-N-acetylhexosaminidase, it could also be named a non-reducing end chitobiase.
In Candida albicans the presence of both chitinase (5, 6, 14) and chitobiase activities (20) has been described. Also mutants of these organism are known that are defective in chitobiase (9) .
Chitinase of C. albicans is susceptible to competitive inhibition by allosamidin.
This substance is known to be an effective competitive inhibitor of many chitinases (8, 11) . It is a dimeric derivative of the G1cNAc analogue N-acetylallosamine. The chitinase enzyme is inactive towards MU-[G1cNAc],, so it is apparently different from jS-N-acetylhexosaminidase (14) . Since its activity towards the MU-
[G1cNAc]4 substrate was much higher than towards the corresponding substrates MU-[ G1cNAc ] 3 and MU-[ G1cNAc ] 2, an endochitinase character was proposed (14) . We recently described the existence of a chitinase present in human serum (17) . To find out whether the latter enzyme could be discriminated from C. albicans chitinase in the case of infection with this microorganism, we conducted the present study. While studying the chitinase activity in C. albicans with the aid of the above substances as substrates, we found that a good discrimination between chitinase and chitobiase from C. albicans is hampered by the fact that both enzymes are active with these particular substrates. We therefore tried to discriminate the two enzyme activities by using the inhibiting effect of allosamidin and of the reaction product [ G1cNAc ] 2, which is also a substrate for chitobiase.
METHODS
Materials. The Superose 12HR 10/30 column was from Pharmacia LKB Biotechnology, Uppsala, Sweden. 4-Methylumbelliferyl /3-D-N,N',N''-triacetylchitotrioside, 4-methylumbelliferyl $-D-N,N'-diacetylchitobioside, 4-methylumbelliferyl $-D-N-acetylglucosaminide, N,N'-diacetylchitobiose and $-N-acetylhexosaminidase from Jack beans were from Sigma Chemical Co., St. Louis, MO, U.S.A. N-Acetylgalactosamine and 4-methylumbelliferyl /3-D-N-acetylgalactosaminide were from Koch-Light Laboratories, Colnbrook, Bucks, England. Triton X-100 was from Merck, Darmstadt, Germany. Allosamidin from Streptomyces sp. 1713 was a kind gift of Drs. A. Suzuki and A. Isogai, Dept. Agricultural Chemistry, University of Tokyo, Japan. The following marker proteins that were used for calibration of the gel filtration column were obtained from Bio-Rad Laboratories, Richmond, CA, U.S.A.: thyroglobulin, IgG, ovalbumin, myoglobin. Analytical grade ion exchange resins AG 50W-X8 (H+ form) and AG 1-X8 (acetate form) were also from Bio-Rad Laboratories. Human serum lysozyme was a kind gift of Dr. J. Brouwers, Delft, The Netherlands. All other chemicals were of the best available grade.
Culture of Candida albicans. Candida albicans B2630 was used as the source of test material. The yeast was inoculated at an initial concentration of approximately 105 cells/ml in 1,000 ml volumes of Sabouraud glucose broth (Oxoid) in 2,000-ml Erlenmeyer flasks. The flasks were rotated at 120 rpm and a temperature of 37°C. After inoculation for 1, 2, 3 or 7 days, a flask was removed from the gyrotary shaker and its contents were centrifuged at 1,600 x g for 10 min. The supernatant fluid was passed through a 0.22 -cm membrane filter to ensure removal of yeasts and the fluid was stored at -20°C until used for further study. The centrifuged pellet, containing the yeast cells, was resuspended in 20 ml of physio-logical saline and disrupted by repeated passages in a cooled X-press. The homogenates were stored at -20°C until used for further study.
Superose gel filtration chromatography. A Superose 12HR 10/30 column was equilibrated in a buffer, containing 0.02 M sodium acetate, 0.1 M NaCI, 0.1 % (w/v) Triton X-100 and 0.02% (w/v) NaN3, adjusted to pH 5.5 with acetic acid (buffer A). The homogenates of C. albicans were mixed with an equal volume of buffer A. The suspensions were centrifuged for 30 min at 100,000 X g. Samples (200,u1) of the resulting supernatants were loaded on to the column. The flow rate was 0.4 ml/min. Fractions of 0.5 ml were collected and the enzyme activities were determined as described below.
Chitobiase/chitinase product analysis by HPLC. Incubation mixtures (200,cil) with the substrates MU-[G1cNAc]2,3 were centrifuged for 5 min at 12,000 X g. To the supernatant (160,al) we added 640,u1 water, 60,u1 human serum albumin (10 mg/ml) and 240,al TCA (10% w/v). The mixtures were kept on ice for 15 min and were then centrifuged for 10 min at 12,000 X g. The supernatant (1,000,u1) was neutralized with 60,u1 of 2.0 M NaOH and desalted on small columns of Bio-Rad AG 50W-X8 (H+ form; bed-volume 500,u1), followed by Bio-Rad AG 1-X8 (acetate form; bed-volume 500,u1). The resulting preparations were analyzed by high-pressure liquid chromatography (HPLC) on a CarboPac PA-100 column (HPAEC-PAD), as we described before (17) .
Enzyme assays. Enzyme activities with the substrates MU-[ G1cNAc ] 2 and MU-[ G1cNAc ] 3 were determined as follows. The substrates were dissolved in 1.0 M sodium acetate buffer, pH 5.5 containing 0.02% NaN3. The enzyme solution (20 ul) was mixed with 30 p l substrate solution, resulting in a final substrate concentration of 100 ,u M. When the substrates MU-[ G1cNAc ] , and MU-[ Ga1NAc ] , were used, the conditions differed, as will be indicated in the text. The reactions were performed at 37°C for various times and were stopped by the addition of 1,450,u1 of a 0.25 M glycine-Na2CO3 buffer, pH 10.5. The fluorescence of the liberated MU was measured as described before (16) . One unit of enzyme activity corresponds to the liberation of l ,umol MU/min. Specific enzyme activities are expressed in mU per milligram protein. Protein was determined as described by Lowry et al. (12) .
RESULTS

Enzyme activity levels in C. albicans during various stages of growth
Homogenates of yeasts that were grown for various times (1, 2, 3, and 7 days), containing approximately equal concentrations of protein, were tested for specific enzyme activities with the artificial substrates MU-[G1cNAc]n (n =1, 2, 3). The results are shown in Table 1 . The specific enzyme activities with respect to the three substrates increased from day 1 to day 7. The activity ratios between day 7 and day 1 differed. For both MU-[ G1cNAc ] , and MU-[ G1cNAc ] 3 these ratios were approximately 3 before rounding off of the activity data, whereas for the MU-
[ G1cNAc ] 2 substrate this ratio was 7. and Chitobiase in Candida albicans 285
In the culture fluid, the enzyme activity with respect to the substrates MU-
[G1cNAc]2,3 remained constant during the growth periods of 1-7 days (data not shown).
Fractionation of the enzyme activities by gel filtration The homogenates of days 2 and 7 were resuspended and centrifuged for 30 min at 100,000 X g. The supernatants were loaded on to a Superose FPLC column (fractionation range 1 X 103-3 X 103 Da). The elution patterns are shown in Fig. 1 .
The homogenates of both days 2 and 7 showed qualitatively identical elution patterns. The enzyme activities towards all three substrates MU-[G1cNAc] 1.3 showed a peak at an elution volume that corresponded to that of the void volume marker thyroglobulin. There was a shoulder present near fraction number 19
(~ 240 kDa). The above elution pattern was based on an overnight incubation, employed for the determination of the enzymic activities. When we reduced the incubation period to 2 h, it appeared that the small shoulder seen near fraction 19 in the elution profile of MU-[G1cNAc]3 disappeared, and became less pronounced in that of MU-[G1cNAc]2. The activity peaks for all three substrates were higher on day 7 than on day 2. This was in agreement with the higher values of the various enzyme activities in the homogenates ( Table 1) . As is clear, the activity against the MU-[ G1cNAc ] 2 substrate was much higher than against the MU-[ G1cNAc ] 3 substrate.
Characterization of the MII liberating hydrolytic activities During the preceding experiments, we found that there was no linearity of enzyme activity with time for the di-and trisaccharide derivatives. A pilot experiment with MU-[G1cNAc]3 showed that incubation for a period of 18 h resulted in an amount of liberated MU per hour that was approximately 4 times higher than the corresponding hourly amount found for a 2-h incubation period. This preliminary result could mean that the liberation of MU does not take place by one-step hydrolysis of the linkage between MU and the di-or trisaccharide. To investigate the reaction pattern, we incubated the three substrates MU-[G1cNAc],_3 with the 100,000 X g supernatant of the day 2 homogenate of C. albicans for various times. The results of these incubations are shown in Fig. 2 The activities given, determined as described in the `METHODS' section, are based on overnight incubation periods (1,100 min; except for the activity towards MU- However, the non-linearity of both time-curves suggests that a multi-step reaction occurred. For the MU-[ G1cNAc ] 2 substrate, this could only mean the following two-step reaction:
in which the second step liberates the reaction product MU whose fluorescence is actually measured.
Step 2 can be catalyzed either by /3-N-acetylhexosaminidase (EC 3.2.1.52) or by a chitobiase-like enzyme. The latter enzyme, which could also be named $-N-acetylglucosaminidase, would be inactive if incubated with a substrate in which Ga1NAc is $-linked to MU (MU-[ Ga1NAc ] 1) . To find out which of the two possibilities was true, we incubated the day 2 homogenate for 1 h with both MU-G1cNAc and MU-Ga1NAc in the presence and absence of Ga1NAC, at a concentration that was 10-fold that of the substrate. In Table 2 , we present the results of this experiment. For comparison we also included a similar experiment with the commercial preparation of /3-N-acetylhexosaminidase from Jack bean. The data in Table 2 show that both $-N-acetylglucosaminidase and ,3-N-acetylgalactosaminidase activities were present in the homogenate of C. albicans and that both enzyme activities were slightly inhibited (7.5%) by GalNAC. These two observations indicated that C. albicans contains a $-N-acetylhexosaminidase. The same effect of free GalNAc was observed for the Jack bean enzyme, although the degree of inhibition was higher (24%). It is improbable that step 1 of the above reaction pathway (removal of the outer G1cNAc) is catalyzed by the exo-enzyme a-N-acetylhexosaminidase, since in earlier work we already demonstrated that under the conditions employed here, /3-N-acetylhexosaminidase from Jack bean was virtually inactive towards this substrate (17) . The above results suggested that the outer G1cNAc residue of MU-[G1cNAc]2 was removed by a chitobiase-like $-N-acetylglucosaminidase.
[G1cNAc]2 is a substrate for chitobiase. When we added this substance to the reaction mixture of the day 2 homogenate and MU-[G1cNAc]2 at a final concentration of 1 mM (10-fold that of the MU-substrate), a clear inhibition was observed that was approximately 90% at the two longest incubation times (Fig. 2) .
Allosamidin is a specific competitive inhibitor of chitinases. When we added allosamidin (0.6 ,UM) to a reaction mixture of the day 2 homogenate and MU-[ G1cNAc ] 2, no inhibition of the liberation of MU occurred (see Table 3 and Fig. 3 ).
When we repeated the above experiments with MU-[ G1cNAc ] 3 as the sub- strate, we observed a lower production of free MU at the various time points (Fig.  2) and an allosamidin concentration-dependent inhibition of MU release from MU-[G1cNAc]3, increasing from 0% at 6 X 9M, to 25% at 6 X 10-5 M (Fig. 3) . When we repeated the experiments shown in Fig. 2 , but with 0.6 ,UM allosamidin as The enzyme activities were determined in duplicate as described in the `METHODS' section. The homogenate of day 2 was used as the enzyme source. the inhibitor, the following results were obtained. At the shortest incubation time employed (2 h), a 43% reduction in the amount of MU liberated from MU-[G1cNAc] 3 was observed. This value decreased at higher incubation times (Fig. 4) . Addition of [ G1cNAc ] 2 to the reaction mixture also reduced the amount of MU liberated (Fig. 2) .
Product identification by means of HPLC showed the following results. For the substrate MU-[G1cNAc]2 in a incubation mixture described in the legend of Fig. 5 , a 2-h incubation resulted in the production of monomeric G1cNAc that was 19% of the total numbe:r of G1cNAc residues present in the initial amount of substrate. An incubation period of 17 h released 68°o of the G1cNAc residues present.
In a similar experiment with the substrate MU-[ G1cNAc ] 3, these percentages were: 5% (2-h incubation) and 31% (17-h incubation). The HPLC chromatograms showed that no [G1cNAc]2 and [G1cNAc]3 were present in the reaction mixtures at levels that were above the low HPLC signals obtained in a blank run (Fig. 5, panel E) .
DISCUSSION
The results of the experiment in which we studied the growth time of C. albicans as a function of the MU-liberating capacity ( Table 1 ) clearly showed that the degradation of MU-[ GIcNAc ] 2 differed from that of MU-[ G1cNAc ] 3. For MU-[ G1cNAc ] 2 the calculated specific activity increased by a factor of 7 and for MU-[ G1cNAc ] 3 the factor was only 3. It was already known that C. albicans contained various enzymes capable of hydrolyzing chitin or artificial substrates with one or more G1cNAc residues linked to either MU or nitrophenyl groups (4, 9, 14, 20) . According to the nomenclature proposed by Robbins et al. (19) and Tronsmo and Harman (22) the following enzymes have been described in CC albicans: endochitinase, ex.ochitinase (chitobiosidase), non-reducing end chitobiase and jS-N-acetylhexosaminidase. The name endochitinase would mean that the enzyme randomly cleaves chitin. When using substrates like MU-[ G1cNAc ] n endochitinase releases at least the dimer of G1cNAc, but prefers a higher number of residues. Exochitinase (also named chitobiosidase) can degrade chitin by releasing (G1cNAc)2 units from the non-reducing end. With MU-[G1cNAc]n (n>2), exochitinase would also release (G1cNAc)2 units. Sullivan et al. purified an enzyme from C. albicans which was named Nacetylglucosaminidase (21) . This enzyme was active against PNP-G1cNAc,
[ G1cNAc ] 2 and [ G1cNAc ] 3, but not against PNP-[ G1cNAc ] 2. In a later paper from the same group, the enzyme was named chitobiase because of its ability to hydrolyze [G1cNAc]2 (9). It was inactive against PNP-Ga1NAC. However, the presence of a ,S'-N-acetylhexosaminidase in C. albicans that is active against both PNP-G1cNAc and PNP-GalNAc and that is different from the purified enzyme described by Sullivan et al. (21) cannot be excluded. From our results, it can be concluded that C. albicans does contain a $-N-acetylhexosaminidase-like enzyme, since there was activity against both MU-[ G1cNAc ] , and MU-[ Ga1NAc ] , ( Table 2) .
The molecular weight of the chitobiase as deduced from gel filtration was 44,000 (20) . Barrett-Bee and Hamilton (4) reported a molecular weight of 70,000 for chitinase present in a high-speed supernatant of broken cells of C. albicans. The latter result was also based on gel filtration. In the present study, all enzymic activity towards the three substrates MU-[G1cNAc] 1.3 eluted in one peak from a Superose HR 12 gel filtration column at a volume corresponding with that of the void volume marker thyroglobulin (Fig. 1) . This indicates that the molecular weight is much higher than those mentioned above for chitinases and chitobiases. When we purified chitinase from human serum on the same Superose column in buffer A, it appeared that the activity of that enzyme and of /3-N-acetylhexosaminidase and the other proteins present in the starting preparation eluted after the void-volume, thus excluding an artifactual chromatographic behavior resulting from the possible formation of Triton X-100 micelles (18) . Moreover, the marker proteins used for calibration of the column in the present study also eluted at the expected volumes, irrespective of the presence or absence of Triton X-100 in the elution buffer. It is known that some chitinases can be retarded on gel filtration media, thus suggesting artificially low molecular weights for the proteins (7, 19) .
Since the amount of protein present in the two samples studied did not differ much (day 2, 7.2 mg/ml; day 7, 8.2 mg/ml) the two chromatograms shown in Fig. 1 Fig. 2) . The data presented in Fig. 2 clearly show that the liberation of free MU from MU-[ G1cNAc ] 2 and MU-[ G1cNAc ] 3 does not take place completely via a one-step pathway. This conclusion is based on the observed lag-phases in both time curves. These lag-phases can not be explained by the presence of oligomers of G1cNAc, acting as endogenous substrates for the enzymes, since the same effects were observed for the enzymic activity present in the high-molecular weight fractions of the Superose gel filtration, which cannot contain G1cNAc oligomers. The HPLC results on product identification that are shown in Fig. 5 support the above conclusion. If MU were exclusively liberated in one step from MU- pathway, catalyzed by a chitinase, can be excluded, since we found no inhibition of the production of MU by allosamidin in the concentration range of 0 to 60,LLM ( Fig.  3 ; see also Table 3 ). Thus a 2-step mechanism must occur. We found evidence that the first step of such a degradation is catalyzed by a chitobiase. This evidence was based on the following facts: (i) [G1cNAc]2i which is also a substrate for chitobiase, inhibited the reaction (Fig. 2) ; (ii) it is improbable that $-N-acetylhexosaminidase will catalyze the first step, since high amounts of this enzyme from Jack bean were found to be inactive with MU-[ G1cNAc ] 2, whereas the same amounts of this enzyme were extremely active with MU-[G1cNAc] i (17) In both alternatives (iii) and (iv), step 1 is catalyzed by an chitinase-like enzyme. Inhibition of the reaction with allosamidin would indicate that alternatives (ii), (iii) and (iv) could all be true. We found significant inhibition of 27.5% at a concentration of 0.6 /IM ( Table 3 ), indicating that a chitinase acted upon the substrate in step 1 of either alternative (iii) or (iv), or in step 2 of alternative (ii).
The observed lag-phase (Fig. 2) is incompatible with an exclusive degradation pathway via the above one-step mechanism (iv), which is catalyzed by an endochitinase. However, this mechanism cannot be excluded, since inhibition by allosamidin was maximally apparent at the shortest incubation times (Fig. 4) . Especially for the shorter incubation times the MU-release will be mainly caused by the allosamidin-inhibitable endochitinase. Furthermore, Milewski et al. also found evidence for the existence of an endochitinase in C. albicans, showing higher activity with MU-[G1cNAc]n substrates of higher n-values (14) . The third alter-native mentioned, in which a [ G1cNAc ] 2 unit was released from MU-[ G1cNAc ] 3 in the first step, would mean that an exochitinase-like enzyme initiated the degradation. Such an activity would mean that the same enzyme should also be able to release [ G1cNAc ] 2 from MU-[ G1cNAc ] 2 in one step. As shown above, this did not occur. Therefore, this alternative and also the second alternative that also needs the presence of an exochitinase, are improbable. In view of the latter conclusions and of the observed lag-phase, alternative (i), the 3-step pathway catalyzed by the sequential action of chitobiase and $-N-acetylglucosaminidase, must also take place. This conclusion is supported by the fact that the presence of a chitobiase has already been shown with the MU-[ G1cNAc ] 2 substrate. The HPLC results presented in Fig. 5 confirm the above.
With the MU-[G1cNAc] 1 substrate, linearity with time is seen (Fig. 2) , again indicating the presence of either a $-N-acetylhexosaminidase or jS-N-acetylglucosaminidase. If the first alternative were true, there should also be activity towards MU-[ Ga1NAc ] I . Table 2 shows that the latter is the case. However, it cannot be excluded that there is also an enzyme present that is specific for MU-[ G1cNAc ] ,, and that could even be different from chitobiase. Whatever the actual character of this enzymic activity is, it was not inhibited by 0.5 , L M allosamidin (data not shown).
We did not investigate the characteristics of the enzymic activity present in the culture fluid of the cells. The fact that the activities with MU-[ G1cNAc ] 2 , 3 as substrates remained constant from day 1 to day 7 could mean that the enzyme(s) were already present in the C. albicans suspension before inoculation. The result is in agreement with observations made by Dickinson et al. (5) , who found that no export of chitinase from C. albicans to the growth medium took place.
In conclusion, C. albicans contains both chitinase and chitobiase activities which are mutually active with the MU-[G1cNAc ] n substrates used for chitinase assays. According to the nomenclature used for chitinase (19) , an endochitinase character was found. The conclusions that were drawn to explain the form of the time-curves presented in Fig. 2 furthermore show that, depending on the incubation time required, the ratio of the amounts of reaction product that result from either of the two enzyme species will vary. Therefore, it is not possible to present specific activities in crude enzyme preparations. and Chitobiase in Candida albicans 295
